We studied the cross-compatibility among 91 inter-specific combinations and 21 inter-generic combinations in 7 Eriobotrya plants and 2 related genera (Raphiolepis indica Lindl. and Photinia serrulata Lindl.) using emasculation, bagging, and artificial pollination. Our results showed that 28 of the 91 inter-specific combinations set no fruit, which means nearly 30% of the combinations were incompatible. In the remaining 63 combinations, most showed partial cross-compatibility, and a few showed complete cross compatibility. Eriobotrya plants were incompatible with plants from their related genera (R. indica Lindl. and P. serrulata Lindl.). Backcrossing produced 5 compatible combinations, which could set fruits and produce F1 progeny but only after embryo rescue. Fruit setting ratios varied among various species used as male or female parents. E. prinoides Rehd. & Wils., common loquat (E. japonica) and Eriobotrya × daduheensis, used as female parents resulted in an average fruitsetting ratio of 36.2%-58.2%. E. deflexa Nakai and its two forms, and E. elliptica Lindl. as female parents resulted in 2.9%-16.3% average fruitsetting ratio; however, the fruit set ratio was higher (22.4%-43.1%) if they were used as male parents. Failure of E. deflexa f. koshunensis Nakai × E. prinoides Rehd. & Wils. hybrids to set fruit could be attributed to sporophytic incompatibility.
Introduction
Distant hybridization refers to hybrids obtained by mating of different species and genera. Distant hybridization combines the parental genomes to increase genetic variability, which creates new variants or species. There are some successful reports on fruit distant hybridizations, such as Citrus, strawberry, Rosa roxbunghii and so on (Lü and Lin, 1995; Marta et al., 2004; Wang et al., 2012) . Fukuda et al. (2007) produced hybrids by crossing Eriobotrya and other species from Rosaceae. True hybrids, identified by SSR, were obtained by crossing 'Motegi' and Raphiolepis; these hybrids bore 3 fruits containing 4 seeds, but the seedlings survived for only 4 months. Raphiolepis × E. deflexa hybrids produced fruits without any seed (Fukuda et al., 2007) . Coombes and Robertson (2008) obtained true hybrids with bronze leaves (Coppertone) by crossing E. deflexa and Raphiolepis. A study conducted by Dukui in Wang Yongqing research group, at the Sichuan Agricultural University (private communication), used loquat cultivars, 'Dawuxing' and '159' as the male parent, and pear cultivars 'Aiganshui', 'Zaosu', and 'Jinshui' as the female parent to make various inter-generic crosses and studied hybrid incompatibility.
There are 20 to 30 species in Eriobotrya, but only E. japonica is commercially cultivated for its fruit and ornamental value. Cross breeding in E. japonica resulted in good quality, disease resistant and high yield varieties (Zheng, 2007; Dong et al., 2008) . However, cultivated loquat has low genetic diversity and morphological drawbacks such as big seeds that cause low edible rate. Moreover, shallow roots cause easy lodging and a lower number of buds and shoots result in low fruit production. Therefore, hybridization between wild and cultivated species of Eriobotrya or between Eriobotrya and its related genera may provide a platform for selecting desirable characteristics. Breeders can exploit suitable characteristics from the wild loquat resources to improve cultivated loquat. Moreover, distant hybridization in Eriobotrya species would help elucidate the genetic relationships among various species.
Thus, in the present study, we conducted cross-compatibility experiments in 91 inter-specific and 21 inter-generic combinations among 7 Eriobotrya species and 2 related genera (Raphiolepis indica Lindl. and Photinia serrulata Lindl.). We used emasculation, bagging, and artificial pollination to obtain hybrids from Eriobotrya plants.
Materials and methods

Materials
Fourteen accessions (Table 1) , including 12 Eriobotrya plants and 2 related genera plants, were collected from the Loquat Germplasm Center at Horticultural College of South China Agricultural University, China. One hundred and twelve crossing combinations including direct crossing and reciprocal crossing were used from 2008 to 2014 at the time of blossoming of the female parents.
Pollen collection, germination test, and hybridization
For pollen collection and the germination test, we collected the flower buds of the male parent before they opened at the fullbloom stage, stripping the anther in the flower buds. Anthers were spread on a weighing paper and irradiated for 4 h using an incandescent lamp. The pollen was collected when the anther surface exuded pollen in a 200 mesh stainless steel sieve, then conserved in 200 μL centrifuge tubes. The tubes were sealed with sealing film and placed in liquid nitrogen for 12 h, then stored at −80°C.
For hybridization, the flower buds of the female parent were selected before the full-bloom stage. Leaving 10-15 flower buds per inflorescence, we removed the stamens and used a brush to put the pollen on the stigma, and bagged the pollen with a doublelayer non-woven bag. The outside layer was removed at fruit set, but the inside layer was left intact until the fruit ripened. 5-20 inflorescences were used for each crossing combination and the hybridization test was repeated twice.
Fluorescence microscopy of pollen tube growth
As described by Carrera et al. (2009) and Wang and Zhao (2010) , the styles on 1, 2, 3, 4, and 5 d after pollination were collected, fixed in FAA, and stained with aniline blue to observe the pollen tube germination under an Olympus fluorescence microscope.
The fruit setting rate was calculated one month after artificial pollination.
Results
Variation in fruit setting rates in different crossing combinations
Among the 91 inter-specific hybrid combinations, the highest fruit setting rate (95%) in 'Jiefangzhong' × E. deflexa f. buisanensis (Ruyuan) was observed. There was no fruit set in 28 crossing combinations (nearly 30% of the total number of the hybridizations) ( Table 1) . These results showed that the fruit setting rates were varied in different combinations. Moreover, direct and reciprocal crossing among the same combinations also showed different fruit setting rates. For example, in 'Jiefangzhong' × E. deflexa f. buisanensis (Ruyuan) and 'Jiefangzhong' × E. deflexa f. koshunensis, the fruit setting rates were 95% and 86.4% respectively in direct crossing but was 0% in the reciprocal crossing.
From Table 2 , we can see using E. deflexa [E. deflexa, E. deflexa f. buisanensis (Ruyuan), E. deflexa f. buisanensis (Chao'an)], E. kwangsiensis and E. elliptica as female parents, and E. japonica (E. japonica and 'Jiefangzhong'), E. prinoides and E. prinoides var. daduhensis as male parents resulted in low fruit production. Fruit dropping before ovary enlargement was the primary reason for low fruit yield in the abovementioned crosses. Low fruit production (2.9%) was also observed when E. deflexa f. buisanensis (Ruyuan) was used as female parent and E. deflexa f. buisanensis (Chao'an), E. kwangsiensis, or E. elliptica as male parent, and the fruits dropped before ovary enlargement. The low fruit setting rate of E. deflexa f. buisanensis (Ruyuan) (nearly 0%) was also attributed to fruit drop before ovary enlargement. E. prinoides, E. prinoides var. daduhensis and E. japonica (E. japonica and 'Jiefangzhong') combinations showed the highest fruit setting rate (21.0%-90.2%) with both direct and reciprocal crossing indicating their strong hybridization affinity. E. kwangsiensis, E. deflexa f. buisanensis (Chao'an), E. deflexa f. koshunensis (Ruyuan), and E. elliptica also showed high fruit setting rate (7.7%-79.3%) in both reciprocal and direct crossing. Similarly, E. bengalensis f. Hook., E. kwangsiensis and E. deflexa f. buisanensis (Chao'an) also showed high hybridization affinity (2.0%-30.6%). The hybridization affinity can provide insights into the genetic relationship between various hybridization combinations.
Hybrids from crosses where E. kwangsiensis and E. elliptica were used as female parents and Raphiolepis indica as the male parent had high fruit setting rate (40%). However, hybrids between Eriobotrya plants as female parent crossed with the related genera (R. indica or P. serrulata) as male parent had very low fruit setting rate (4.2%-6.1%). Five combinations of Eriobotrya sp. (female) and R. indica (male) showed high fruit setting rate (22.2%-54.5%). Hybrids from P. serrulata (female) and Eriobotrya sp. (male) also had high fruit setting rate (33.3%, 44.4%). However, the hybrid embryos of all intergeneric crosses were aborted. It was speculated that in vitro culture of excised embryos may provide an alternative for obtaining hybrid plants. The abovementioned cross-compatibilities will help in parent selection for studying inter-specific hybridization and intergeneric hybridization of Eriobotrya with related genera.
Pollen germination on stigma
We observed pollen germination on the stigma and inside the style of the crosses between E. deflexa f. koshunensis × E. prinoides (1.1%) and E. japonica × E. deflexa f. koshunensis (65.2%) (Fig. 1) .
The pollen of E. prinoides germinated on the stigma of E. deflexa f. koshunensis and three days after pollination reached the center of the style, but the pollen tube stopped growing five days after pollination (Fig. 1, A,C) . However, the pollen of E. deflexa f. koshunensis not only germinated on the stigma of E. japonica, but the pollen tube grew to the bottom of the style (Fig. 1, B,D) . Thus, hybridization incompatibility in E. prinoides is because of stunted pollen tube growth while it reaches the ovary of E. japonica causing hybridization affinity.
Seedling growth in the inter-specific hybrids of Eriobotrya plants
The hybrid seeds germinated into seedlings, which could be identified by morphological markers. The male parent-specific trait (obvious stipules) was visible on the seedlings, indicating that they are true hybrids (Fig. 2) (Li, 2011) . The inter-specific hybrids of E. prinoides, E. prinoides var. daduhensis and E. japonica grew well. However, seeds from the hybrids E. prinoides or E. prinoides var. daduhensis as female parent, and E. deflex and its two variants, E. kwangsiensis and E. elliptica as male parent, could grow roots and sprout, but the seedlings were too weak to grow and died within 2 months.
The seedlings from the seeds of E. japonica (female) × E. kwangsiensis died of premature senility while other interspecific hybrids showed vigorous growth of 1 m within one year (Fig. 2) . Some of the F1 progeny bloomed and set fruits (Fig. 2,  G) .
The hybrids from E. deflexa as the female parent crossed with any of the other Eriobotrya plants as male parents, showed abnormal growth and died within 2 months. We had similar observations with the use of E. deflexa f. koshunensis, E. deflexa f. buisanensis, and E. kwangsiensis as female parents. However, the seedlings from the seeds of E. kwangsiensis × E. bengalensis f and E. kwangsiensis × E. deflexa f. buisanensis (Chao'an) showed normal growth.
Discussion
Inter-specific and inter-genera hybridization in Eriobotrya to obtain new germplasms
We used 12 combinations of various Etiobotrya sp. of which approximately 30% hybridizations were completely incompatible (0%); most showed partial affinity, and only a few showed complete affinity. Among these, the Eriobotrya plants × R. indica were incompatible while in the reciprocal cross (R. indica × Eriobotrya plants), 7 combinations showed partial affinity and set fruits that did not reach the ripening stage due to embryo abortion. The inter-generic hybridization test showed R. indica and some Eriobotrya plants (E. kwangsiensis, E. elliptica, E. deflexa and its two variants) had a certain hybridization affinity. We could not obtain seeds from the inter-generic hybrids of E. japonica (including wild species and two cultivars 'Jiefangzhong' and 'Zaozhong 6') due to the difficulty of using related genera to improve loquat cultivars. However, E. japonica cultivars such as 'Jiefangzhong' hybrids with E. deflexa, E. prinoides and E. elliptica showed high cross affinity. Thus, interspecific hybridization of Eriobotrya plants has a certain hybridization affinity, which provides the possibility for future distant hybridization and genetic improvement of cultivated loquat. Moreover, hybridization could significantly improve the fruit setting rate of E. prinoides, E. deflexa, and its variants, which have a natural fruit setting rate of generally 5%-10%. The fruit setting rate was the highest in E. prinoide. Previous studies reported low natural fruit setting rate of about 5%, which can be increased up to 36.2% through inter-specific hybridization. In some cases, interspecific hybridization could not improve the low natural fruit setting rate (0-1%) of E. deflexa f. buisanensis (Ruyuan) and E. elliptica, indicating that the hybrid can effectively stimulate ovary development but not complete the fertilization and form the seeds, as a result of which fruits would abort and fall. Our results corroborate those of previous studies (Xia et al., 1993; Peng et al., 2015) .
Distant hybridization in Eriobotrya plants
Distant hybridization is more difficult than intra-specific hybridization primarily because of incomplete fertilization. Several factors may inhibit fertilization in incompatible hybrids such as incompatibility between the pollen and stigma, the inability of the pollen tube to pass through the style, or only single and not double fertilization (Liu et al., 2004; Marta et al., 2004) . Gametic incompatibility or incompatibility before fertilization is positively correlated with the relationship between the parents.
As compared with the gametic incompatibility, distant hybridization incompatibility breaks the stable genetic system during long-term evolution leading to the death of the hybrids. Arrested or incomplete embryo development, deformed embryos that drop, low germination rate, and low seedling growth rate contribute to the survival rate in hybrids. F1 plants die while developing or because of development disorders, have vegetative growth advantage, set few fruits or fruits with abnormal structure making it difficult for future progenies to survive (Li et al., 2001; Zhang and Sun, 2003; Ma and Chen, 2004; Fu et al., 2005; Chen et al., 2009; Qi et al., 2013) .
Hybrids formed from different combinations among E. prinoides, E. japonica, and E. prinoides var. daduhensis are compatible and produce F1. However, these species (male) are incompatible with E. deflexa and its two variants, E. kwangsiensis and E. elliptica (female) producing flowers, which abscise one week after pollination. Pollen germination needs 2 to 5 d to reach the sac for fertilization in Eriobotrya after which it forms fruit (Carrera et al., 2009; Guo et al., 2010) . The study corroborates this result wherein incompatibility could be attributed primarily to sporophytic incompatibility.
In addition, hybridization between E. deflexa and its two variants, E. kwangsiensis and E. elliptica resulted in fruit set, but most fruits dropped within two weeks. E. elliptica as a female parent had the highest rate of fruit drop. The seeds from hybrids of E. deflexa and its two variants, and E. kwangsiensis, germinated and grew roots, but the seedlings did not survive for more than 2 months.
Lack of coordination among immature hybrid embryos, endosperm, and ovary, or the inability of the abnormal endosperm to provide adequate nutrition to the hybrid embryo may contribute to hybrid death (Ahmad and Slinkard, 2004; Laere et al., 2007; Du et al., 2012; Qi et al., 2013; Wang et al., 2013) . The results suggest that the incompatibility among Eriobotrya interspecific hybrids may be caused by gametic incompatibility. Future studies focused on determining whether gametic or sporophytic incompatibility is the primary cause of inter-specific incompatibility would help breeders in developing new loquat varieties.
E. deflexa, E. kwangsiensis, and E. elliptica crossed with R. indica, and P. serrulata can set fruits without full seeds, and most hybrid fruits drop before ripening, indicating that inter-generic hybrid development needs further study.
